cells. The organisms can survive and replicate within macrophages and epithelial cells. For S.
Introduction bacterial infection of mice or phagocytosis by cultured macrophages (Alpuche-Aranda et al., 1992 ; Garcia-VesAn essential virulence property of bacterial pathogens covi et al., 1996; Heithoff et al., 1997) . Salmonella spp. is the ability to sense microenvironments encountered induction of CAMP resistance is likely to be important for within host tissues. Sensing is followed by the coordibacterial resistance to host innate immune responses at nate expression of virulence factors that promote bactemucosal surfaces and within phagocytes, though the rial survival and replication (Mekalanos, 1992) . The inpurified CAMP most reflective of the complex mixture fected host also senses the presence of invading of bacterial killing factors in host tissues is unknown. bacteria in normally sterile host tissues and responds PhoP-PhoQ activates transcription of genes that reby activation of the innate immune system. The innate sult in outer membrane alterations that include modificaimmune system is comprised of non-antigen-specific tions of lipid A, a component of lipopolysaccharide responses to signature microbial molecules that the host (LPS), the major cell surface molecule of Gram-negative recognizes as foreign (Medzhitov and Janeway, 1997) .
bacteria. These modifications include addition of aminoThis host response includes activation and recruitment arabinose to lipid A phosphate groups, replacement of of professional phagocytic cells and the production of the lipid A acyl group myristate with 2-OH myristate, and antimicrobial factors that include complement, opsothe formation of heptaacylated lipid A by the addition of nins, cationic peptides, cytokines, and chemokines. The palmitate (Guo et al., 1997) . Aminoarabinose modificainterplay between these two responses results in pathotion of lipid A has been implicated in resistance of Gramgenic effects that are symptoms and signs of infectious negative bacteria to polymyxin by alteration of bacterial diseases.
surface net charge (Helander et al., 1994 ; Gunn et al., One aspect of this complex interplay between host 1998a). Since lipid A is a major component of the outer and pathogen is beginning to be understood for infecmembrane and comprises a permeability barrier to antitions caused by the pathogenic Gram-negative bacteria microbial compounds, this led to the hypothesis that Salmonellae. Salmonella spp. cause gastroenteritis and palmitate and/or 2-OH myristate modification of lipid A was a mechanism that promoted resistance to CAMP. We now report that a PhoP-activated gene, pagP, is § To whom correspondence should be addressed (e-mail: millersi@ u.washington.edu).
required for the regulated addition of palmitate to lipid :TnphoA strain has increased sensitivity to C18G. (B) A pagP2::Tn10d strain also has increased sensitivity to C18G that can be complemented with pLG18 containing only pagP but not pLG17 containing downstream ORFs. (C) A pagP2::Tn10d strain also has increased sensitivity to C18G when assayed using a standardized bactericidal assay condition. The difference between the WT and LG062 is statistically significant (t ϭ 14.6, df ϭ 4, p Ͻ 0.0005). (D) A pagP2::Tn10d strain also has increased sensitivity to pLGa that can be complemented with pLG18. (E) A PhoP c pagP2::Tn10d strain also has increased sensitivity to Protegrin (killing time, 30 min). Data points presented were the average of two duplicate points for (A), (B), (D), and (E) and three assay points for (C) (mean Ϯ SD, n ϭ 3). Each experiment reported was a representative of at least three separate experiments.
A and promotes resistance to CAMP. We also present gave essentially the same results in C18G resistance assays as LG062, while control strains LG063 and LG066 data that a general Gram-negative bacterial response to magnesium limitation is increased lipid A palmitoylation.
gave results similar to the wild-type strain (data not shown). When a standardized bactericidal assay for CAMP activity was performed that utilizes a greater ratio Results of CAMP to bacteria, the results also indicated that the pagP mutant had reduced resistance to C18G (Figure A PhoP-Activated Gene Is Essential for Resistance to CAMP 1C). Strain LG190 containing an 840-nucleotide chromosomal pagP deletion was also constructed through alThough PhoP and PhoQ have been identified as essential to inducible vertebrate CAMP resistance, no specific lelic exchange. C18G peptide sensitivity assay revealed that LG190 also had increased sensitivity to C18G, compag have been demonstrated to be involved Groisman et al., 1992; Belden and Miller, 1994;  parable to that seen in LG062 (pagP2::Tn10d). These data strongly suggested that pagP was essential for Gunn and Miller, 1996) . In this study, strains with pag mutations were screened for sensitivity to C18G, an resistance to C18G. This result was further confirmed in that the C18G resistance defect was complemented ␣-helical CAMP derived from the carboxyl terminus of human platelet factor IV (Darveau et al., 1992) . C18G by a wild-type copy of pagP present on pLG18 (Figures 1B and 1C) . discriminated between wild-type, PhoP-constitutive (PhoP c ), and PhoP-null (PhoP Ϫ ) bacteria, suggesting To determine whether pagP is also essential for resistance to other ␣-helical CAMP, peptide resistance that it could be used to identify pag which contribute to CAMP resistance ( Figure 1A ). PhoP c derivatives of assays were performed using a naturally occurring Magainin-like peptide, pGLa (Soravia et al., 1988) . Similar strains with transposon insertions in pagA-I and pagK-M (Gunn et al., 1998b) were tested for sensitivity to C18G.
to the results observed with C18G, pagP mutants have reduced inducible resistance to pGLa ( Figure 1D ). This Only strain JSG287 containing the pagP1::TnphoA allele showed reduced CAMP resistance when compared with reduced resistance was also complemented with pLG18 ( Figure 1D ). the isogenic parent PhoP c strain ( Figure 1A and data not shown).
A wide diversity of CAMP exists in nature. To determine the role of pagP in inducible resistance to CAMP Since it was possible that the pagP1::TnphoA mutant phenotype was a result of a dominant negative effect of different structural classes, we studied the susceptibility of pagP mutants to polymyxin, which has a polyof the PagP-PhoA fusion protein rather than absence of the pagP gene product, two strains were constructed peptide ring containing diaminobutyric acid with a fatty acid attached through an amide linkage, and protegrin with Tn10d insertions in pagP (LG062 and LG064, see Experimental Procedures). Two strains with Tn10d inser-(PG-1), an 18-amino-acid pig neutrophil CAMP with a ␤ turn structure and two disulfide bonds (Steinberg et al., tions (LG063 and LG066) 10% linked to the pagP1:: TnphoA by P22 bacteriophage cotransduction (esti-1997) . PagP mutants did not show increased susceptibility to polymyxin (data not shown), which is consistent mated to be greater than 20 kilobases away from pagP1) were also isolated for use as controls. As seen in Figure  with previous results indicating that polymyxin resistance is mediated through PmrA-PmrB-regulated LPS 1B, LG062, containing the pagP2::Tn10d allele, had reduced resistance to C18G when compared to the wildcovalent modifications that alter its net charge (Helander et al., 1994; Gunn et al., 1998a) . However, a significant type strain.
LG064 containing the pagP3::Tn10d allele, difference was observed in inducible resistance to prosuggested that PhoP-PhoQ promoted the addition of palmitate to lipid A through activation of pagP. The lipid tegrin ( Figure 1E ). While LG062 containing pagP2::Tn10d
A defect of LG062 was complemented by a wild-type was not more susceptible to protegrin than the wildcopy of pagP ( Figure 2E ). This indicated that the defect type strain, there were significant differences between in lipid A structure was a result of the lack of pagP. the PhoP c strain and LG069, which is isogenic except In addition to palmitoylation, PhoP-PhoQ activation for pagP2::Tn10d ( Figure 1E ). Therefore, pagP was demalso promotes the addition of 2-hydroxymyristate and onstrated to be important to inducible resistance to veraminoarabinose to lipid A (Guo et al., 1997 -deficient CS1247, a strain containing the pagP1::TnphoA allele, medium indicated that the hexaacyl form of lipid A conrevealed that the molar ratio of C16:0 to 3-OH C14:0 tained 2-hydroxymyristate (m/z 1813) and aminoarabiwas reduced by ‫%07ف‬ compared to the wild-type strain.
nose ( To further define the contribution of pagP to inducible forms of lipid A ( Figure 2A ). In contrast, lipid A from the CAMP resistance and lipid A modification, pagP was CS1247 consisted of only hexaacylated lipid A (Figure cloned from S. typhimurium chromosomal DNA. First, 2B). These MALDI-TOF data were consistent with the 250 bp of pagP DNA sequence information was obtained LPS fatty acid analysis results, which indicated that the by sequencing a plasmid containing the cloned pagP1:: structural difference between the hepta-and hexaacyl TnphoA fusion junction (Gunn et al., 1998b) . Using this form of lipid A is the addition of palmitate (Figure 3) . information, oligonucleotides were synthesized to amSimilar lipid A structural characteristics were also obplify a pagP DNA fragment using PCR. This PCR product served on LG062 containing the pagP2::Tn10d allele was labeled and used as a probe in Southern blot analy-(with the Q1 main beam mass spectrum shown in Figure  sis . This analysis indicated that a ‫4.4ف‬ kb fragment de-2D). Since both pagP mutants (CS1247 and LG062)
rived from an EcoRI and EcoRV digest of wild-type chromosomal DNA contained pagP. A size-selected genomic showed essentially the same lipid A structural defect, it The neutral (charge state ϭ 0) relative molecular masses (M r ) are given, which differ from those shown in the negative-ion MALDI mass spectra by the loss of a proton.
library of S. typhimurium was generated by cloning the The pagP1::TnphoA insertion established the direction of transcription and the reading frame of pagP and EcoRI and EcoRV double digested chromosomal DNA fragments of this size range into the multiple cloning site defined an ORF with three candidate methionine codons for translation initiation. These ORFs encode polypepof pBluescript (Stratagene). A clone designated pLG2 containing pagP was identified by PCR using primers tides of 190, 186, and 172 amino acids, respectively. Since strains with the pagP1:TnphoA insertion produce that generate a pagP-specific 200-nucleotide fragment.
The 4369-nucleotide S. typhimurium DNA sequence a fusion protein that has alkaline phosphatase activity, it is expected that PagP is a membrane or secreted of pLG2 was obtained (GenBank accession number, protein. The ORF that is predicted to encode 186 amino AF057021). The physical map of the restriction endonuacids would result in the synthesis of a protein whose clease sites derived from this sequence is shown in amino terminus is predicted to encode a "leader se- Figure 4 . All the pagP transposon insertions were dequence," the essential element for recognition by a secfined as located within a single open reading frame dependent export mechanism (Murray and Beckwith, (ORF). The pagP1::TnphoA insertion site is located at 1996), and would produce a protein that is very similar nucleotide 1491 of this sequence. The Tn10d of LG062 (75% identity and 84% similarity) (Altschul et al., 1990) and LG064 are located at nucleotides 1336 and 1345, over its entire length to a predicted E. coli protein enrespectively.
coded by crcA (Hu et al., 1996) . Therefore, we tentatively identified pagP as encoding the 186-amino-acid membrane or secreted protein.
The pagP chromosomal region has extensive similarity to that of E. coli K-12 at centisome 14.1. Two ORFs were defined immediately downstream of pagP. One encodes a 69-amino-acid polypeptide, which is 98% identical to CspE (cold shock protein E) of E. coli. The other ORF encodes an 82-amino-acid polypeptide, which shares 72% identity and 83% similarity with CrcB of E. coli (Hu et al., 1996) . E. coli crcA, cspE, and crcB on a high-copy plasmid confer camphor resistance (Hu et al., 1996) . Further downstream of crcB, there are two ORFs encoding proteins with unknown function, followed by an ORF predicted to encode a protein with extensive homology with E. coli LipA, which serves as a lipoic acid synthetase.
Analysis of the DNA sequence of pagP indicated that it was unlikely to form an operon with cspE and crcB. However, to rule out polar effects of the pagP mutations, complementation analysis was performed. Derivatives of the low-copy plasmid pWSK129 (Fu and Kushner, pLG17 had no effect on the pagP mutant's sensitivity A biosynthesis genes reduced the membrane content of lipid A and, as a consequence, increased outer membrane permeability as well as antibiotic sensitivity (Vaara, 1993) . Since it remained possible that PagP has an effect on the total amount of LPS biosynthesis, lipid A of the pagP mutant was analyzed for this possibility. Analysis of bacterial 3-OH C14:0, a unique and unregulated component of lipid A, indicated that there was no significant change in the molar quantities of 3-OH C14:0 per cell dry weight between WT and pagP mutant strains (data not shown). This indicated that altered overall LPS production could not be responsible for the reduced sensitivity of pagP mutants to CAMP. When E. coli were grown in Mg 2ϩ -deficient medium, a Ͼ100-fold increase in resistance to C18G was observed in comparison with cells grown in LB (data not shown). to C18G ( Figure 1B ). GC analysis of fatty acid methyl esters derived from LPS of the pagP mutant strains Since E. coli have genes predicted to encode proteins similar to PhoP, PhoQ, and PagP, it was possible that containing either pLG10 or pLG18 revealed that the reduced C16:0 content of the mutants was complemented other enteric Gram-negative bacteria were able to add palmitate to lipid A as a CAMP resistance mechanism. by the recombinant pagP plasmids. In addition, mass spectrometry analysis of lipid A clearly showed that hepTherefore, lipid A from E. coli and Yersinia enterocolitica grown either in LB or low Mg 2ϩ (8 M) medium was taacylated forms were now present ( Figure 2E ). The fact that the pagP gene alone (when provided in trans and isolated and analyzed by MS. As is well known, lipid A from wild-type S. typhimurium has a mixture of heptanot under lac-promoter control) complemented the defects in CAMP resistance and palmitoylation of pagP and hexaacyl forms (Figures 2A and 3 ). E. coli lipid A obtained from culture grown in LB contains only a hexmutant strains indicated that the transposon insertions in pagP were not polar on downstream genes for the aacyl form of lipid A ( Figure 6A ). MS analysis of lipid A obtained from E. coli grown in low Mg 2ϩ medium rephenotypes tested, but it does not rule out the possibility that cspE and crcB are also independently involved.
vealed that, in addition to hexaacylated lipid A, heptaacylated lipid A was synthesized ( Figure 6B ). When comparing the relative molar contents of LPS fatty acids, PagP Mutants Have Altered Outer Membrane Permeability in Response to CAMP GC analysis indicated that the molar ratio of C16:0/3-OH C14:0 was ‫-5ف‬fold larger when LPS from E. coli The data above indicated that pagP was required for inducible CAMP resistance and lipid A modification. grown in low Mg 2ϩ was analyzed and compared with LPS from cells grown in LB. Both MS and GC analysis These two phenotypes strongly suggested that the lack of acylation of lipid A was responsible for the CAMP indicated that E. coli lipid A structure was altered by the low Mg 2ϩ growth condition in a manner similar to the S. sensitivity observed, but it remained possible that another effect of pagP promoted inducible CAMP resistyphimurium PagP-mediated addition of palmitate to lipid A. tance.
If lack of acylation of lipid A was responsible for the The lipid A structure of Y. enterocolitica, another Gram-negative pathogen, grown in media of different CAMP sensitivity phenotype, pagP mutants should demonstrate increased outer membrane permeability in Mg 2ϩ concentration was also analyzed ( Figures 6C and  6D ). Lipid A from Y. enterocolitica grown in LB was poorly response to CAMP. To study the effect of the pagP mutation on outer membrane permeability, pagP and acylated; the predominant component was at m/z 1388 for the [M-H] Ϫ ion ( Figure 6C ). This is consistent with wild-type strains were constructed that expressed alkaline phosphatase (AP) from an arabinose regulated prothe synthesis of tetraacylated lipid A containing three 3-OH C14:0 and one C12:0. Therefore, this suggested moter. Since AP is a periplasmic protein, its release into the growth medium on CAMP exposure reflects that this lipid A form was synthesized through a pathway that does not involve lipid X (Raetz, 1996) . In contrast, disruption of the bacterial outer membrane. As seen in Figure 5 , the pagP mutant strains LG160 and LG164 had Y. enterocolitica lipid A isolated after growth in low Mg 2ϩ medium consisted of a mixture consistent with the syna higher rate of AP release compared to the control strain (LG162) in response to C18G. This indicated that thesis of tetra-(m/z 1388), penta-(m/z 1627), hexa-(m/z 1797) and heptaacylated (m/z 2036) forms ( Figure 6D ). pagP mutants had a faster rate of outer membrane permeabilization in response to the CAMP C18G. This result
The hexa-and heptaacylated forms are consistent with the structures of E. coli and S. typhimurium (Figure 3 ). provided further evidence that the pagP mutant strains' CAMP sensitivity was a direct result of an outer memThe pentaacylated form is consistent with the addition of palmitate to tetraacylated lipid A. GC analysis of LPS brane alteration, the lack of acylation of lipid A.
Previous studies have shown that mutations in lipid fatty acid derivatives from Y. enterocolitica grown in CAMP resistance within the outer membrane. Consistent with the hypothesis that regulated addition of palmitate to lipid A is a general mechanism of Gram-negative bacteria, E. coli and Y. enterocolitica also were shown to regulate the synthesis of palmitoylated heptaacylated lipid A in response to low Mg 2ϩ growth conditions.
The Regulated Ability to Modify Lipid A Is a Common Mechanism of Gram-Negative Bacteria
Palmitoylation of lipid A in response to low Mg 2ϩ growth environment appears to be a common mechanism shared by a variety of Gram-negative bacteria to decrease outer membrane permeability to CAMP. In addition to the work reported here, our preliminary studies of Pseudomonas aeruginosa and Shigella flexneri lipid A grown in low Mg 2ϩ indicate that these bacteria also increase the state of lipid A acylation on growth in low Mg 2ϩ medium (L. Guo et al., unpublished data). Though all Gram-negative bacteria may have the ability to modify lipid A, there is species-specific diversity. MS analyses reported here indicate that E. coli and Y. enterocolitica do not add aminoarabinose in response to low Mg 2ϩ growth, while S. typhimurium does. Since it is known that E. coli and Y. enterocolitica can add aminoarabinose to lipid A and that homologs of S. typhimurium genes necessary to the addition of aminoarabinose exist in E. coli (Gunn et al., 1998a) , it is evident that the expression of these characteristics in lipid A from bacteria In addition to these differences in regulation of aminoarabinose addition to lipid A, E. coli and Y. enterocolitica did not demonstrate the ability to add 2-OH myristate LB indicated that while 3-OH C14:0 (the fatty acid that to lipid A. Therefore, based upon what we know today, attaches to the glucosamine groups) makes up ‫%67ف‬ it appears that S. typhimurium can uniquely modify lipid of the total LPS fatty acids, its content decreased to A. All Gram-negative bacteria may have unique regula-‫%84ف‬ in LPS on growth in low Mg 2ϩ medium. Therefore, tory and structural mechanisms to modify lipid A that the low Mg 2ϩ growth condition promoted the overall reflect their particular environmental niche. acylation status of lipid A by the addition of C16:0, which was observed in both pentaacylated (m/z 1627) and heptaacylated (m/z 2036) forms of lipid A.
pagP and Lipid A Modification In addition, E. coli and Y. enterocolitica grown in these Structural analysis reported here demonstrates that media did not demonstrate the addition of aminoarabipagP mutants have altered ability to perform palmitoylanose and/or ␣-hydroxylated fatty acid to lipid A. This is tion of lipid A. How does PagP increase lipid A acylation? in contrast with our observations of PhoP-PhoQ-mediTwo lipid A acyltransferases from E. coli have been charated S. typhimurium lipid A modifications where aminoacterized. HtrB and MsbB are inner membrane proteins arabinose and 2-hydroxyl myristate addition are very that function at a relatively late step in lipid A biosyntheprominent (Guo et al., 1997) .
sis (Raetz, 1996) . MsbB shares 27.5% identity and 42.2% similarity to HtrB. Both HtrB and MsbB are predicted to be transmembrane proteins. Protein sequence Discussion analysis suggests that PagP has no significant sequence homology to HtrB or MsbB. However, the presIn this work we defined a gene, pagP, as essential for S. typhimurium inducible resistance to CAMP of diverse ence of the putative membrane domains present in PagP indicate that it is most likely located, like HtrB and MsbB, structures. pagP was also shown to be required for the regulated formation of the heptaacylated lipid A by in the inner membrane. Therefore, it is likely that PagP is either an acyltransferase or a nonenzymatic compoaddition of palmitate. pagP mutants were also demonstrated to have increased outer membrane permeability nent of an inner membrane complex of proteins essential for the transfer of palmitate to lipid A. The pagP homolog in response to C18G, indicating that PagP promotes (1990) examined the effect of synthetic magainin 2 amide on the fluidity of smooth chemotype LPS isolated from S. typhimurium using FT-IR (Fourier transform infrared) spectroscopy. They observed that magainin 2 disorders the fatty acyl chains of wild-type S. typhimurium, thereby implicating lipid A acyl groups as the initial site of interaction between ␣-helical CAMP and Gram-negative LPS. This observation supports our theory that increased lipid A acylation is the biochemical mechanism for pagP-mediated CAMP resistance.
Based on this discussion and data, as well as ideas of other investigators, we propose a general model for inducible CAMP resistance mechanisms through outer membrane modifications. The first inducible resistance mechanism consists of reduced electrostatic interactions between CAMP and the negatively charged bacterial surface. This is most important for polymyxin resistance, which occurs through modification of lipid A phosphate with aminoarabinose and ethanolamine as well as core carbohydrate residues with phosphate and ethanolamine. The second inducible resistance mechanism consists of decreased fluidity of the outer membrane outer leaflet by increased acylation of lipid A. (B) pagP is induced and palmitate is a component of the lipid A acyl layer; the change in the outer membrane structure alters the rate of the "flip" and subsequent CAMP insertion.
CAMP Resistance and Antibiotic Development
The emerging resistance of pathogenic microorganisms to current antimicrobial agents (Davies, 1994) has procrcA, as well as the linked genes cspE and crcB, promote camphor resistance (Hu et al 1996) , a phenotype moted an extensive search for new classes of antibiotics. CAMP, as natural products of plants and animals, that may reflect decreased outer membrane permeability. Therefore, it is possible that pagP, cspE, and crcB are major candidates for new antimicrobial agents (Gabay, 1994) . Currently, the most advanced peptides in act together to promote lipid A acylation.
the clinical pipeline are ␣-helical peptides based on magainin structures. The broad host range of these pepLipid A Modification and Inducible CAMP Resistance tides has made them quite attractive candidates. In addition to their endogenous activity, they also appear to CAMP kill microorganisms by disruption of membranes and loss of organism functional barriers. The Gram-negact synergistically with conventional ␤-lactam antibiotics by increasing the permeability of the outer membrane ative bacterial envelope is composed of two membranes separated by a space, termed the periplasm. Comto conventional antibiotics (Darveau et al., 1991) . It has been thought that these peptides would have an advanpounds are selectively transported across the outer membrane into the periplasmic space for uptake across tage over other classes of antibiotics in that resistance mechanisms for membrane active agents were not well the inner membrane into the cytoplasm. The Gram-negative bacterial outer membrane is unique. The inner leafdescribed. This work, as well as the previous work of our laboratory and others, indicates that these mechanisms let is composed of phospholipids, while the outer leaflet is largely, if not completely, composed of lipid A. Inare activated upon S. typhimurium phagocytosis by macrophages and upon infection of mice (Alpuchecreased acylation of lipid A is predicted to alter the fluidity of the outer membrane by increasing hydropho- Aranda et al., 1992; Heithoff et al., 1997) . Therefore, bacteria have developed inducible mechanisms to resist bic interactions between the increased number of lipid A acyl tails. When CAMP contact the outer membrane, the action of these peptides. It is unknown whether the induction of these resistance mechanisms in vivo will increased lipid A acylation should alter the hydrophobic moment and retard or abolish their insertion ( Figure 7) . limit the effectiveness of these peptides. It is also unknown whether the extensive use of these peptides in Consistent with this hypothesis is our result that deletion of pagP resulted in an increased rate of outer membrane a clinical setting would lead to the development and acquisition of constitutive high-level resistance such as permeability in response to CAMP. In a prior study of magainin-outer membrane interactions, Rana et al.
the inducible mechanisms described in this work. Given where organisms receive prolonged intermittent exposure to such agents (Davies, 1994) . It would seem pruIsolation of pagP Mutant Strains S. typhimurium containing plasmid pNK2881 (Kleckner et al., 1991) dent for the development of these compounds as drugs was infected with P22HTint propagated on the Tn10d donor strain to further define these inducible resistance mechanisms (TT10604) (Elliott and Roth, 1988) , and approximately 20,000 tetracyand try to define compounds that inhibit the induction of crossed with LG068. Colonies were selected on tetracycline, chloramphenicol, XP plates to determine linkage to pagP1::TnphoA. The
Experimental Procedures
Tn10d insertions of LG062 and LG064 were 100% linked with pagP1, and LG063 and LG066 were 12.9% and 14.4% linked, respectively.
Bacterial Strains and Growth Conditions
Southern analysis using a pagP-specific probe indicated that LG063 The bacterial strains and plasmids used are listed in Table 1 . Culand LG066 were not located and LG062 and LG064 were located tures were grown at 37ЊC with aeration in LB or N-minimal medium within pagP. PCR was used to amplify the Tn10d junctions of LG062 with 38 mM glycerol, 0.1% Casamino acids, and 8 M MgCl (Garciaand LG064 by use of pagP and Tn10d specific primers. The DNA Vescovi et al., 1996) . The antibiotics used were ampicillin (100 g/ sequence of these PCR products was obtained to determine the ml), kanamycin (45 g/ml), chloramphenicol (25 g/ml), and tetracyexact site of transposon insertion. cline (10 g/ml). The chromogenic substrate for alkaline phospha-A pagP deletion strain was also generated. First, a recombinant tase, XP (5-bromo-4-chloro-3-indolyl-phosphate), was used at a plasmid (pLG23) comprised of the EcoRI-HindIII and NsiI-EcoNI DNA concentration of 40 g/ml.
fragments from pLG2 ( Figure 4 ) into an allelic exchange vector, pKAS32 (Skorupski and Taylor, 1996) , was constructed. Next, pLG23 DNA Techniques was crossed with CS401, a derivative of wild-type S. typhimurium Southern blotting, probe preparation, and detection were performed ATCC14028 containing a streptomycin resistance allele recessive as previously described (Gunn et al., 1995) . PCR was performed to the pKAS32-encoded streptomycin sensitivity and single homologous recombination derivatives isolated by selection for ampicillin with reaction mixes and buffers from Perkin Elmer (Foster City, CA) resistance. Then these derivatives were selected on streptomycin References for loss of plasmid sequences. Lastly, allelic exchange events that resulted in a pagP deletion were identified by Southern blotting.
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